Introduction
============

Skin cancer is the most common human cancer with over a million cases detected every year [@B1]. Risk factors for skin cancer include ultraviolet (UV) radiation from sun exposure, receiving an organ transplant, HIV, genetic factors, etc. [@B2]. Melanoma is the deadliest form of skin cancer. It is an aggressive, therapy-resistant malignancy of melanocytes and inclined to metastasize quickly into the lymphatic system and other organs such as the lungs, the liver, the brain, or the bones [@B3], [@B4]. Incidences of melanoma have been steadily increasing worldwide, resulting in an increasing public health problem; and current chemotherapy; and chemo-immunotherapy regimes have shown little clinical benefit with no improvement in overall survival [@B4].

Photodynamic therapy (PDT) is a popular and non-invasive treatment based on selectively accumulating a non-toxic photosensitizing drug (e.g., 5-aminolevulinic acid and methyl aminolevulinate), a drug which will preferentially accumulate in tumorous tissue rather than normal tissue [@B5]. Subsequent activation by 635 nm light irradiation converts 5-ALA into protoporphyrin IX (PpIX) and initiates a photodynamic reaction via generating highly reactive singlet oxygen (^1^O~2~), and this process results in tumor cell death [@B6]. As a novel therapy, PDT has the advantages of being able to select for tumor cells and not destroy normal cells, and of not being limited by the location or size of skin lesions [@B7]. PDT has proven to have several benefits including low morbidity, minimal functional disturbance, better cosmetic outcomes, and the ability to repeatedly be used many times in one instance [@B8], [@B9]. PDT is a successful treatment for non-melanoma skin cancers in clinical practice.[@B7] More and more doctors are using PDT to cure patients with skin cancer, especially elderly patients [@B7].

There are now increasing numbers of photosensitizing prodrugs being used clinically; and 5-aminolevulinic acid (5-ALA)-mediated PDT is one of the fastest developing areas in PDT [@B6]. 5-ALA is a naturally occurring delta amino acid that is ultimately converted in to PpIX, the immediate precursor of heme [@B5]. Topical 5-ALA PDT has shown significant efficacy in superficial skin cancer, actinic keratosis, psoriasis, cutaneous T-cells lymphoma, basal cell carcinoma, and squamous cell carcinoma [@B10]-[@B13]. However, 5-ALA is a 167.6 g/mol hydrophilic molecule with a low penetration rate through intact skin.[@B14] Thus, recent investigations have focused on the development of carriers of 5-ALA that are able to penetrate intact skin. Enhancement of 5-ALA skin penetration via the improvement of the transdermal drug delivery system is a key factor in the success of topical applied PDT [@B15]. Enhancing techniques to increase transdermal drug delivery include chemical modification of 5-ALA, pretreatment with physical or chemical penetration enhancers (e.g., lasers, ultrasound, DMSO, EDTA), and penetration using different vehicles (e.g., lotion, liposomes) [@B15]. Of the aforementioned, liposomes are one of the best delivery systems for low-molecular-weight drugs, DNA, siRNA, etc.[@B16]. Liposomes are membrane-like phospholipid bilayers with a water phase inside that can carry both lipophilic and hydrophilic agents and are generally accepted in various delivery strategies for the systemic or topical administration of drugs [@B17]. However, low 5-ALA encapsulation in liposomes has been reported, with Pierre et al demonstrating that 5-ALA-entrapped in stratum corneum lipid liposomes (SCLLs) formulation was only 5.7% [@B18].

Since PDT is now a well-established treatment modality for cutaneous carcinomas and is based on the administration of a light-activated drug followed by the illumination of the pathological area, the treatment of metastatic melanoma remains a therapeutic challenge [@B19]. The aim of this study is to evaluate the *in vitro* and *in vivo* efficacy of the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes formulation in the treatment of melanoma and gain more information about DPPC liposomes and their interaction with 5-ALA. The objective of this investigation was to create DPPC liposomes formulations as delivery systems that would be able to overcome the poor penetration of 5-ALA. WST-1 cell proliferation assay, ROS production and cellular mitochondrial membrane potential measurements were used to determine the photo-cytotoxicity of 5-ALA encapsulated in DPPC liposomes on melanoma cancer cells when exposed to PDT. The amount of 5-ALA skin penetration, as well as skin retention from DPPC liposomes, was investigated. Melanoma xenograft mouse models were employed to confirm liposomal-based PDT efficiency *in vivo*.

Materials and Methods
=====================

Materials
---------

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was obtained from Avanti (USA). Cholesterol was purchased from Sigma-Aldrich (USA). Other chemicals used in the study were reagent grade. Chemical structures of 5-ALA and DPPC are present in Figure [1](#F1){ref-type="fig"}A.

Preparation of 5-ALA encapsulated in DPPC liposomes (5-ALA/DPPC)
----------------------------------------------------------------

5-ALA encapsulated in DPPC liposomes (5-ALA/DPPC) was prepared according to the modified thin film hydration method [@B20]. DPPC and cholesterol were dissolved in chloroform and methanol (3:1, v/v) in 250 mL round bottom flasks. The mixture was evaporated in a rotary evaporator above transition temperature, and solvent traces were removed under a vacuum overnight. The film was hydrated with 0.5% 5-ALA aqueous solution above lipid transition temperature for 30 minutes. The vesicle suspension was dispersed by a probe sonicator (UP50H, Germany) at 30% amplitude for 15 minutes. For the diffusion experiments, DPPC liposomes loaded with 0.5% 5-ALA were prepared under the same conditions.

Characterization of 5-ALA encapsulated in DPPC liposomes
--------------------------------------------------------

The particle size and zeta potential of 5-ALA encapsulated in DPPC liposomes were measured by laser light-scattering with a helium-neon laser at 630 nm (Zetasizer 3000HS~A~, Malvern, UK) at 25 ºC. The polydispersity index (PI) was used to measure size distribution. The entrapment efficiency of 5-ALA in DPPC liposomes was employed with an ultracentrifuge method (CS120GXL, Hitachi) at 60,000 g and 4 ºC for 30 minutes. 5-ALA was analyzed by HPLC following centrifugation.

Morphological determination of 5-ALA DPPC liposomes by transmission electron microscopy
---------------------------------------------------------------------------------------

The 5-ALA/DPPC (0.5% DPPC) was stained with a phosphotungstic acid (1%) solution and titrated with a copper wire. After it had dried, its morphological structure was determined by transmission electron microscopy (TEM; Joel model JEO 2000 EX II, Japan)

Cell culture
------------

Murine melanoma cells (B16F10) were obtained from the America Type Culture Collection (ATCC). B16F10 cells were allowed to grow to confluence using Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml of penicillin and 100 μg/ml of streptomycin).

PDT and WST-1 cell cytotoxicity assay
-------------------------------------

Cell cytotoxicity of PDT was assessed using a WST-1 cell proliferation kit (Roche). Briefly, cells were seeded with 5 x10^4^cells/well in a culture medium containing 5-ALA or 5-ALA/DPPC in 96-well microplates 4 hours before assay. 5-ALA in this culture medium was removed and replaced by PBS. An instrument with a light-emitting diode (LED) a red light source at 630 nm was used for PDT. A light dose of 50 J/cm^2^ was delivered over 20 min. Cell viability was measured 24 h later by WST-1 colorimetric assay with a microplate ELISA reader.

Reactive oxygen species (ROS) measurement
-----------------------------------------

PDT-treated cells were then incubated with 1 μM superoxide-sensitive dye dihydroethidium. The ROS production during PDT was determined by FACScan flow cytometry (Becton Dickinson).

Detection of mitochondrial transmembrane potential
--------------------------------------------------

PDT-treated cells were incubated with 0.1 μM Mitotraker (Invitrogen) for 30 min at 37 ^o^C in the dark. The cells were washed with warm PBS, and Mitotraker fluorescence intensity was determined by FACScan flow cytometry (Becton Dickinson).

Confocal laser scanning microscopy
----------------------------------

For confocal microscopy assay, the mice were treated with either the control (PBS), 5-ALA, 5-ALA/DPPC (0.5% DPPC). These were the three groups for our experiment. After 4 hours, the skin where the drug was administrated was harvested and fixed with 4% paraformaldehyde. Then tissue samples were sliced into 5 μm sections by frozen section and mounted with Vectashield media (Vector Laboratories) for laser confocal microscopy observation (model FV1000, Olympus).

Melanoma xenograft mouse models
-------------------------------

Six-week-old male BALB/c nu/nu nude mice were housed in a specific pathogen-free environment. The B16F10 cells were harvested, washed, and suspended in PBS. Then, 5 x 10^5^ cells were injected subcutaneously into the right flank regions of the mice. The mice were then checked every day for the appearance of tumor, and the sizes of the tumors were determined by measuring 2 diameters with a caliper after PDT. Tumor volume (TV) was estimated using the equation TV = (length x width)^2^/2 and expressed as a % of control. Three mice were included in each of the three groups.

Results
=======

Characteristics of 5-ALA encapsulated in DPPC liposomes (5-ALA/DPPC)
--------------------------------------------------------------------

After using the thin film method by addition of cholesterol as a stabilizer, the data of mean diameter (size), polydispersity index (representing the particle size), zeta potential, and entrapment efficiency of 5-ALA/DPPC were measured. As shown in Table [1](#T1){ref-type="table"}, the size of 5-ALA/0.1% DPPC and 5-ALA/0.5% DPPC were smaller than 5-ALA alone (0.5% final), with both being under 100 nm. Moreover, polydispersity indexes were within 0.31 to 0.36 in the 5-ALA, 5-ALA/0.1% DPPC and 5-ALA/0.5% DPPC formulations. The 5-ALA/DPPC formulations achieved a cationic surface charge of 5-ALA that meant a tendency towards increasing contact with the cell membrane. The zeta potentials of the 5-ALA, 5-ALA/0.1% DPPC, and 5-ALA/0.5% DPPC liposomal formulations were about 3.40 ± 0.80, 6.60 ± 0.50 and 15.10 ± 0.70 mV, respectively. The encapsulation of 5-ALA/0.1% DPPC and 5-ALA/0.5% DPPC were similar (Table [1](#T1){ref-type="table"}). This data indicates that DPPC enhances 5-ALA entrapment efficiency to 15-16%, which is a substantial increase as compared to stratum corneum lipid liposomes (SCLLs, 5.7%) [@B18].

In vitro analysis 5-ALA/DPPC produced photo-toxicity
----------------------------------------------------

5-ALA administration with PDT produces PpIX accumulation in B16F10 melanoma cells in a dose-dependent manner [@B21]. Here, we studied whether DPPC as the 5-ALA carrier changes the PpIX accumulation in B16F10 cells. The photo-toxicity of 5-ALA-induced PpIX accumulation in B16F10 melanoma cells was determined by WST-1 to detect cell viability after PDT. As figure [2](#F2){ref-type="fig"}A shows, the 5-ALA-treated cells\' viability was reduced as compared to the control. 5-ALA/DPPC had lower cell viability than 5-ALA alone. The cell viability in 5-ALA and 5-ALA-DPPC were 52 ± 12.8 % and 33 ± 9.4 %, respectively. It has been shown that ROS production after PDT leads to DNA fragmentation, mitochondria damage, and cell death [@B22]. Figures [2](#F2){ref-type="fig"}B & 2C show 5-ALA/DPPC-treated cells as having higher ROS production and lower mitochondrial membrane potential than 5-ALA-treated B16F10 cells. These data suggest that 5-ALA/DPPC has a higher photo-toxicity than 5-ALA *in vitro*.

Morphology of 5-ALA/DPPC
------------------------

Since the physicochemical characteristics of 5-ALA/0.1% DPPC and 5-ALA/0.5% DPPC were similar, we further used TEM to study the morphology of 5-ALA/0.5% DPPC. Figure [1](#F1){ref-type="fig"}B shows that 5-ALA/0.5% DPPC had a relatively uniform size distribution which was consistent with the particle size data (89.80 ± 2.40 nm) that we obtained using laser sizing.

5-ALA/DPPC-induced PpIX accumulation in ex vivo mice skin model
---------------------------------------------------------------

We further performed confocal microscopy to assay the 5-ALA-induced PpIX accumulation after PDT in the mice skin. The accumulation of PpIX emits a characteristic red fluorescence when exposed to light of the appropriate wavelength. Figure [3](#F3){ref-type="fig"} shows confocal images obtained from mechanical skin sections of control- (PBS-), 5-ALA- and 5-ALA/DPPC (0.5% DPPC)-treated mice. After incubation for 4 hours, the red fluorescence intensity from PpIX of 5-ALA/DPPC-treated skin was obviously stronger than that of 5-ALA. This result indicates that the skin penetration ability of 5-ALA/DPPC was enhanced as compared to the 5-ALA treatment.

5-ALA/DPPC in the mouse xenograft tumor model
---------------------------------------------

The *in vivo* mouse xenograft tumor model was established by subcutaneous implantation of B16F10 cells in nude mice. The results showed that the 5-ALA and 5-ALA/DPPC-treated group both had smaller tumor volume than the control group but those differences were not statistically significant within 3 days (Figure [4](#F4){ref-type="fig"}A). We further analyzed PpIX accumulation in both tumor and healthy skin tissues. Figure [4](#F4){ref-type="fig"}B shows that PpIX contents in tumor tissues were higher in both 5-ALA and 5-ALA/DPPC (0.5% DPPC) groups but not in healthy skin tissues. Furthermore, the 5-ALA/DPPC group had a higher PpIX content in tumor tissue as compared to the 5-ALA group (Figure [4](#F4){ref-type="fig"}B). This indicates that 5-ALA/DPPC has better skin penetration ability than 5-ALA alone, and this allows for PpIX accumulation in tumor tissue *in vivo* but we need more mice to assay the influence of 5-ALA/DPPC with respect to tumor volume.

Discussion
==========

5-ALA is a drug currently used for PDT and has been approved by the U.S. Food and Drug Administration. 5-ALA is a hydrophilic molecule at its physiological pH, and this limits its capacity to cross the stratum corneum of skin. This is concerning because skin penetration is a key factor in the efficacy of topical 5-ALA-medicated PDT [@B5], [@B15]. Numerous strategies have been proposed to improve penetration, and strategies such as *l*-menthol and its derivative are effective to enhance 5-ALA skin permeation [@B23]. Yet this problem is still ongoing. Therefore, improving the delivery efficacy for 5-ALA penetration is an urgent matter in 5-ALA-mediated PDT.

As mentioned before, the efficiency of ALA-liposome distribution to tumors is limited by several factors including the physicochemical property of the drugs and the relatively poor perfusion of skin. The lipid components of DPPC liposomes are predominantly DPPC and cholesterol. Based on their biphasic property, DPPC liposomes can act as carriers for hydrophilic drugs such as 5-ALA. Due to the hydrophilic properties of 5-ALA, it can be entrapped in the aqueous phase of liposomes and this brings about the limitation of the entrapment efficiency [@B18]. Therefore, DPPC was substituted as components of liposomes to increase the entrapment efficiency. In this study, we used DPPC liposomes as vehicles and tested their delivery efficacy of 5-ALA-medicated PDT both *in vitro* and *in vivo*. We found that the 5-ALA/DPPC formulation reduced cell viability, mitochondria membrane potential, and enhanced intracellular ROS accumulation as compared to 5-ALA alone *in vitro*. In addition, the 5-ALA/DPPC formulation also showed better skin penetration ability as compared with 5-ALA in our *ex vivo* data. In the mouse xenograft tumor models, 5-ALA/DPPC enhanced PpIX accumulation in tumor tissues only and not in healthy skin. Although it reduced tumor volume, it did not do so to a statistical significant extent as compared to 5-ALA. This may be due to the xenograft tumor cell number, tumor depth, or the day of measurement; the exact reason for this still requires further investigations.

The skin distribution of topically applied 5-ALA depends on many parameters, such as drug permeability through the stratum corneum, as well as diffusion through the epidermis and dermis (which are related through compound structures), formulation, release from the vehicle, local drug clearance, and the conversion rate of 5-ALA into PpIX [@B24]. Methods for improvement of 5-ALA delivery in PDT are based on three concepts: (a) formulation changes to enhance penetration or chelate iron; (b) pretreatment with physical penetration enhancers via ultrasound, laser or iontophoresis; and (c) chemical modification of 5-ALA to increase uptake or selective cleavage [@B5]. Liposomes are one of the best drug delivery systems for low-molecular-weight drugs, imaging agents, peptides, proteins, and nucleic acids [@B16]. Liposomes are microscopic vesicles consisting of one or more membrane-like phosphoid bilayers surrounding an aqueous medium with a particle size from 20 to 500 nm.[@B17] Pierre *et al* [@B18] worked on a delivery system for 5-ALA based on liposomes with a lipid composition of cremide (50%), cholesterol (28%), palmitic acid (17%), and colesteryl sulfate (5%). These SCLL encapsulation rate of 5-ALA was 5.7% with a 400 nm particle size. Another report showed that the PDT efficacy and the accumulation of 5-ALA-induced PpIX in murine thymic lymphoma cells increased with a decrease in the average diameter of DPPC liposomes.[@B25] In the present report, we have shown that the entrapment efficiency of 5-ALA/DPPC was about 15\~16% with a particle size of around 84 to 89 nm, suggesting that 5-ALA encapsulated in DPPC liposomes has a better encapsulation rate and are smaller in size than those encapsulated in SCLLs.

In conclusion, 5-ALA-based PDT in the treatment for cancer has attracted much attention, and improving the delivery efficacy for 5-ALA penetration through the skin is urgent in 5-ALA-mediated PDT as its penetration is quite poor without any aid. In the present study, we found DPPC liposomes are good carriers for 5-ALA delivery and may prove useful in 5-ALA-mediated PDT in the future.
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![**The morphology of 5-ALA/DPPC by transmission electron microscopy (TEM).**Molecular structures of 5-aminolevulinic acid (5-ALA) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). (B) The TEM image shows the morphology of 5-ALA encapsulated in DPPC (0.5%, 5-ALA/DPPC) which was stained with 1% phosphotungstic acid before being analyzed by TEM. Scale bar = 500 nm.](ijmsv13p0483g001){#F1}

![**In vitro analysis 5-ALA/DPPC produced photo-toxicity.**The production of reactive oxygen species after photodynamic therapy leads to DNA fragmentation, mitochondria damage, and cell death. Here, we used DPPC (0.5%) as the 5-ALA carrier (5-ALA/DPPC) to study PpIX accumulation in B16F10 cells. (A) 5-ALA-treated B16F10 cells decreased in cell viability as compared to the control. And 5-ALA/DPPC-treated cells had lower cell viability as compared to 5-ALA-treated cells. The cell viability of 5-ALA and 5-ALA/DPPC groups were 52 ± 12.8 % and 33 ± 9.4 %, respectively. (B) & (C) show 5-ALA/DPPC-treated cells had a higher ROS production and lower mitochondrial membrane potential than 5-ALA-treated B16F10 cells. \*, p\<0.05.](ijmsv13p0483g002){#F2}

![**5-ALA/DPPC-induced PpIX accumulation in ex vivo mice skin model.**Since the accumulation of PpIX emits a red fluorescence, we performed a confocal microscopy to assay the 5-ALA-induced PpIX accumulation after PDT in the skin of the mouse. After 4 hours of incubation, the PpIX intensity (red fluorescence) from 5-ALA/DPPC (0.5% DPPC)-treated skin was stronger than that in 5-ALA. Scale bar = 100 μm. Here we used DAPI (blue) to stain the nuclei in the skin.](ijmsv13p0483g003){#F3}

![**5-ALA/DPPC in the mouse xenograft tumor model.**The *in vivo* mouse xenograft tumor model was established by subcutaneous implantation of B16F10 cells in nude mice. (A) The tumor volume of the 5-ALA and the 5-ALA/DPPC (0.5% DPPC)-treated groups both had smaller tumor volume than the control group yet didn\'t show statistically significance from Day 1 to Day 3. (B) PpIX accumulation in tumor and healthy skin tissues shows that the PpIX contents in tumor tissues were higher in both the 5-ALA and 5-ALA/DPPC groups but not in healthy skin tissues. Furthermore, the 5-ALA/DPPC group had a higher PpIX content in tumor tissue as compared to the 5-ALA only group.](ijmsv13p0483g004){#F4}

###### 

Physicochemical characteristics of 5-ALA-liposome

  Formulation       Size (nm)       PI            Zeta (mV)      EE (%)
  ----------------- --------------- ------------- -------------- --------------
  Blank             114.20 ± 1.70   0.36 ± 0.06   3.40 ± 0.80    \-
  0.1% 5-ALA/DPPC   84.50 ± 8.08    0.31 ± 0.10   6.60 ± 0.50    15.23 ± 1.01
  0.5% 5-ALA/DPPC   89.80 ± 2.40    0.36 ± 0.01   15.10 ± 0.70   16.43 ± 2.53

PI: polydispersity index; EE: encapsulation efficiency
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